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Abstract 
Aluminum oxide (Al2O3) films renownedly supply excellent surface passivation properties on crystalline Si surfaces. 
This is of major importance for PV applications due to the use of thin Si wafers with good material quality for current 
state-of-the-art solar cells. For Al2O3 passivation layers the chemical passivation by reduction of the electronic sur-
face state density is further improved by a field effect passivation mechanism at the Al2O3/Si interface. This is as-
signed to fixed negative charges. However, the atomic origin of the fixed charges is currently under discussion. With-
in this work thin films of Al2O3 with thicknesses between the submonolayer region and a few nanometers have been 
grown on Si by thermal atomic layer deposition (ALD). The elemental composition of the samples has been quanti-
fied by x-ray photoelectron spectroscopy (XPS) as a function of the film thickness. Modifications at the interface 
upon thermal annealing have been studied in detail. After the first few ALD cycles an imperfect Al2O3 layer is found. 
Continued deposition leads to the growth of stoichiometric Al2O3. Within the first ~1 nm from the Si interface addi-
tional O atoms (“excess O”), surpassing the Al2O3 and SiO2 stoichiometry, are observed. During thermal annealing 
the excess O does not completely react with the Si surface to SiO2. Therefore, it is suggested that interstitial O in 
near-interface Al2O3 constitutes the fixed negatively charged states. 
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1. Introduction 
The level of electrical surface passivation has a large impact on the efficiency of crystalline Si solar 
cells, because the surface remains a limiting factor to the effective charge carrier lifetime as thin Si wafers 
with good material quality are used for current state-of-the-art solar cells.0 Besides the effective chemical 
passivation by reduction of the electronic surface state density, the superior surface passivation properties 
of Al2O3 are explained by an additional field effect.0 This electric field is caused by a high fixed negative 
charge density within ~1 nm from the Si interface.0 The structural interface properties leading to the for-
mation of negatively charged states at the interface are subject of the actual scientific discussion.0 How-
ever, the atomic location, i.e. nature of the charge is not addressed sufficiently yet. 
Within the present paper we target the question of stoichiometry and O coordination at the interface as 
a function of the layer thickness and annealing procedure. For the deduction of chemical and structural 
interface properties we apply a particular combination of subsequent thermal ALD and x-ray photoelec-
tron spectroscopy (XPS). Based on the results, a model for the formation of charges within the atomic 
structure is presented and compared to structural TEM investigations. 
2. Experimental 
Pieces from a 350 μm thick Czochralski Si wafer (p-type, 4 :cm, (100)-orientation) were used as sub-
strates. They were individually treated with diluted HF directly before introduction into the ALD deposi-
tion chamber. The Al2O3 films were grown by a thermal ALD process operated at 220 °C with trimethyl-
aluminium (TMA) and H2O precursors in a TFS 200 reactor from Beneq at a growth rate of 1.02 Å per 
cycle after initial growth stabilization. Two specimens each were processed with 125, 50, 30, 15, 10, 7, 5, 
3, 2, 1 and 0 ALD cycles. One obtained sample per ALD cycle number was thermally treated at 400 °C 
for 30 min in low pressure Ar atmosphere (‘annealing’). All samples were introduced into the high vacu-
um chamber of the XPS instrument within 45 min after their last preparation step. 
The XPS measurements have been performed in a Kratos Axis Ultra instrument, equipped with an Al 
Kα monochromatic X-ray source (hν = 1486.6 eV). High-resolution photoelectron spectra of the principle 
peaks O 1s, C 1s, Si 2p and Al 2p have been acquired at an analyzer pass energy of 5 eV. Survey spectra 
have been recorded with a pass energy of 40 eV before and after a short sputter step with 500 eV Ar-ions 
(~10-2 As/cm2) to evaluate the effect of surface contamination. Additionally, an in-situ annealing experi-
ment during XPS spectra acquisition has been performed at a sample with 25 ALD cycles over a time 
period of 13 hours, while the sample temperature has been steadily increased from 100 to 500 °C. 
TEM images have been acquired at a sample with 30 ALD cycles after annealing by means of a CM20 
(Philips/FEI) TEM apparatus. For this a cross section of the Si sample with polymeric glue on the coated 
surface was thinned mechanically as well as by subsequent ion polishing. 
3. Results 
Particular characteristics of the XPS method, such as limited information depth (< 10 nm), quantitative 
determination of the elemental composition and information about prevalent chemical bonds, allow for its 
employment for the study of interfaces between thin layers and Si substrate. 
The Si 2p peak intensity is used as a measure for the overlayer coverage (or thickness) on the Si sub-
strate. Fig.1a shows the normalized Si 2p peak area as a function of the ALD cycle number for as-grown 
samples without thermal annealing. The graph can be separated into two regimes. The first regime with 
approximately linear decrease of the Si signal is attributed to an island-like growth of the first AlOx mon-
olayer until ~10 ALD cycles. The subsequent exponential decrease indicates layer-by-layer growth as it is 
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expected from proceeding atomic layer deposition.0 
 
   
Fig. 1. (a) decrease of the Si substrate signal (raw Si 2p peak areas) as a function of the ALD cycle number, assigned to two differ-
ent ALD growth regimes: linear decrease of Si signal = island growth of the first AlOx monolayer and exponential decrease = layer 
by layer ALD growth; (b) O/Al ratio (quotient of O 1s and Al 2p raw peak areas) for samples without thermal annealing (before 
(black squares) and after sputtering (blue circles)), showing an increase of the O/Al ratio from the stoichiometric value of 1.5 to > 3 
as the AlOx/Si interface region contributes to the O signal for smaller AlOx film thicknesses 
For the sample with 125 ALD cycles an atomic O/Al ratio of 1.65 is measured (Fig.1b). This is close 
to the expected value of 1.5 for stoichiometric Al2O3 as there are no significant contributions from the 
interface to the Si substrate. With decreasing Al2O3 film thickness the O/Al ratio increases to values > 2 at 
30 ALD cycles and rises above 4 below 10 ALD cycles. This is assigned to the fact that an increased 
O/Al ratio exists close to the interface. An influence of surfacial contaminations (carbonates, adsorbed 
water) is proven by a second measurement after sputter cleaning of the sample surface, leading only to a 
minor reduction of the measured O/Al ratio. 
The elevated O/Al ratio at the interface should be attributed at least partially to an ultra-thin SiOx layer 
that is reported to arise between Si and the AlOx film.0 This shall be proven in a further evaluation of the 
obtained XPS data. Because SiOx can be distinguished from elemental Si (‘metallic’ Si in common XPS 
nomenclature) by the chemically shifted oxide peak (Siox), it is possible to calculate the amount of excess 
O that is neither bound within an assumed ultra-thin SiO2 layer nor to Al2O3 in a stoichiometric propor-
tion, i.e. surpassing the expected stoichiometry of the layers. The excess O fraction has been calculated 
assuming a ratio of two O atoms per Si atom within the SiOx interlayer (x = 2) and a ratio of 1.5 O atoms 
per Al atom within the Al2O3 layer.0 The graph in Fig.2a shows the fraction of excess O (with respect to 
the total measured O) as a function of ALD cycle numbers for as-grown and annealed samples. In both 
cases, for low AlOx coverage with 3-10 ALD cycles (regime 1), roughly half of the detected O is neither 
stoichiometrically bound to Si (presumed SiO2) nor Al (Al2O3). For thicker Al2O3 layers, at >15 cycles 
(regime 2), this fraction decreases monotonically. Additionally, it is shown that the removal of surfacial 
contaminations by sputtering does not completely eliminate the excess O. This demonstrates a true pres-
ence of excessive O near the interface. Another sample with 25 ALD cycles that has been annealed in-situ 
within the UHV chamber of the XPS instrument shows a reasonable reduction of the excess O fraction 
(from 0.3 to 0.2) due to annealing of the film and desorption of surface contaminants.  
(a) (b) 
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Fig. 2. (a) fraction of excess O as a function of the ALD cycle number for as-grown samples (black squares, error bars left out for 
reasons of clarity) with one of them (25 ALD cycles) annealed in-situ at UHV conditions in the XPS instrument (violet diamond), 
annealed samples (red circles) and annealed samples after sputtering (blue triangles), lines are drawn to guide the eyes; (b) chemical 
shift of the Siox peak as a function of the ALD cycle number for as-grown (black symbols) and annealed samples (red symbols), 
measured at different sample tilt angles, indicating a constantly higher degree of O coordination for annealed samples 
The chemical shift of the Siox peak (that is assigned to the ultra-thin SiOx interlayer) with respect to the 
non-shifted (‘metallic’) peak of Si is evaluated in Fig.2b as a function of the ALD cycle number, again 
before and after thermal annealing of the samples. While the annealed samples show a constant chemical 
shift of ~3.6 eV for all AlOx layer thicknesses, the as-grown samples exhibit a lower level of chemical 
shifts. Furthermore, it drops for samples with sub-monolayer AlOx coverage. The chemical shift is a 
measure for the Si-O coordination, which is therefore significantly enhanced due to annealing. 
 
              
Fig. 3. (a) Fraction of the shifted Siox peak with respect to the total Si 2p peak area as a function of the sample temperature during 
the in-situ annealing of a sample with 25 ALD cycles; (b) the O 1s peak, acquired before (black) and after (red) in-situ annealing of 
the same sample, shows a significantly reduced kink that is assigned to O-H bonds, while the main peak arises from O within the 
Al2O3 film plus the SiOx interlayer 
On the other hand, the increase of the SiOx interlayer thickness during annealing is directly observed 
in-situ by XPS. Fig. 3a reveals that the SiOx layer starts to grow at temperatures above 300 °C. The pro-
(a) 
(b) 
(b) (a) 
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cess of Si oxidation obviously has not stopped at the maximum temperature of 500 °C. The O 1s peak in 
Fig.3b, acquired at the same sample before and after in-situ annealing, exhibits a distinct extinction of a 
kink that is attributed to OH groups,0 while the main peak component of O that is bound to Si or Al in-
creases. The SiOx layer thickness has been determined using the method reported in 0. It is found to be 
less than 0.5 nm after annealing for all samples. 
In conclusion, a structural model for changes at the interface upon annealing is developed.[11] Refer-
ring to Fig.4a, before annealing there is an interface layer consisting of SiOx with large amounts of resid-
ual OH groups originating from the imperfect growth of the first AlOx monolayer.0 As soon as ~1 nm 
AlOx layer thickness is reached, the further growth of Al2O3 takes place stoichiometrically. During an-
nealing new bonds between Si and O are established, leading to the increased Si-O coordination and SiO2 
interlayer growth. The evolution of H together with interstitial O is further discussed in the next section. 
In the cross-sectional TEM image of a sample with 30 ALD cycles after annealing two layers can be 
distinguished on top of the Si substrate (Fig.4b). There is a dark layer with a thickness of ~3 nm that rep-
resents the Al2O3 film. A bright thin layer is visible below that. Its thickness is measured to be close to 
1 nm. Since the thickness of SiOx interlayers has been determined by XPS to be less than 0.5 nm, it must 
partly be attributed to the O-rich layer between SiO2 and Al2O3. 
 
                  
Fig. 4. (a) structural model for the Al2O3/Si interface region before and after thermal annealing; (b) TEM image of the interface 
between Al2O3 (thin dark gray layer) and crystalline Si (bottom), that is characterized by a thin ‘SiOx’ interlayer (light gray) with an 
apparent thickness of approximately 1 nm (sample prepared with 30 ALD cycles and subsequent annealing) 
4. Discussion 
XPS measurements and excess O considerations reveal that the elevated O/Al ratio as observed for 
thin Al2O3 films can only partially be explained by the presence of SiOx at the interface. It is deduced 
from sputtering experiments that surfacial contaminations are also not responsible for the entire observed 
excess O. Therefore, it is concluded that residual OH groups, incorporated during the first ALD cycles,0 
are the source for the measured excess O before annealing. During annealing, the increase of the SiOx 
interlayer thickness and the increase of the Si-O coordination reveal an oxidation of the Si crystal surface 
for which OH has to be the source of O under release of H.0 As a result of gas evolution experiments H2O 
is not released at temperatures < 500 °C, while the effusion of H2 already begins at temperatures as low as 
300 °C.0 Furthermore, excess O is still traceable after thermal annealing. This is assigned to O that can 
not be fully consumed in the oxidation of Si and therefore should be incorporated as interstitial O atoms 
(Oi).0 Accordingly, during annealing the following global reaction is suggested to take place at the 
Al2O3/Si interface, i.e. Si surface: 
Si−O−H  +  H−O−Si  →  Si−O−Si  +  H2  +  Oi    (1) 
5 nm 
1 nm ‘SiOx’ 
Si 
Glue 
~3 nm Al2O3 
(a) (b) 
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From the electronic point of view, besides the enhanced chemical passivation by new Si-O as well as 
Si-H bonds due to annealing, fixed negative charges are expected at the SiO2-Al2O3 interface. Interesting-
ly, this is in agreement with DFT calculations for Al2O3 that yield preferably negative charged states for 
Oi.0 After the possible relaxation of an O-rich aluminum oxide network, also resulting Al vacancies 
would yield fixed negative charges. 
5. Summary 
Ultra-thin layers of Al2O3, grown on Si by the thermal TMA/water ALD process, have been investi-
gated by XPS with respect to structural changes upon post-deposition thermal annealing. It has been 
found that ALD growth starts imperfectly in an island growth mode under existence of remaining OH 
groups which cause most of the observed excess O. During thermal annealing the OH groups are consid-
ered as the O source for oxidation of the Si surface. This is characterized by a measured increase of the 
SiOx layer thickness as well as an increase of the O coordination of Si, leading to an increased chemical 
shift of the Siox peak. After annealing at 400 °C excess O was still measurable at a reduced level. Accord-
ing to effusion experiments in literature we interpret this as interstitial O atoms that are not fully con-
sumed in the oxidation of Si and therefore remain at the interface after outdiffusion of H. Interstitial O 
atoms within a thin (< 1 nm) layer directly above the SiO2 interlayer are recognized as the origin of the 
high fixed negative charge density routinely reported for this interface. The presented structural model is 
constituted as a basis for complementary measurements of electronic properties. 
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